Abstract In the present study, an attempt was made to eliminate apple chlorotic leaf spot virus, apple mosaic virus, apple stem grooving virus and apple stem pitting virus from apple cultivar 'Oregon Spur-II'. Thermotherapy was carried out at 37-40°C for 4 weeks followed by culturing of meristems of different sizes. During establishment of explants, highest survival percentage (62.35%) and proliferation (30.68%) was recorded during summer season. However, size of meristems and position of buds from where meristems were excised also influenced their survival. The meristems of size 0.6-0.7 mm were found to be the most appropriate for maximum establishment. Meristems excised from buds positioned on distil portions of actively growing shoots showed better results. MS medium supplemented with BA (1.0 mg/l), IBA (0.05 mg/ l) and GA 3 (0.1 mg/l) resulted in 56.62% establishment of explants, while maximum number of meristems proliferated with low BA (0.5 mg/l), IBA (0.08 mg/l) and same GA 3 concentration. Two to fourfold multiplication was observed. Virus indexing of shoots raised from different sizes of meristems was carried out and found that 0.3-0.6 mm size was able to eliminate ACLSV, ApMV, ASGV and ASPV. However, some of 0.5-0.6 mm sized shoots were found infected with ACLSV. Larger meristems could not completely eliminate the viruses under study.
Introduction
Apple is infected with more than 20 viruses [35] . In commercially cultivated apple trees, apple chlorotic leaf spot virus (ACLSV), apple stem grooving virus (ASGV) and apple stem pitting virus (ASPV) are the most widely occurred viruses and usually appear in mixed infection, which greatly decrease the growth and productivity of infected trees [7] . In order to prevent the productivity and quality losses of fruit trees due to viral diseases, selection and development of healthy planting material is very important. Popular apple variety 'Oregon Spur-II' is recommended for higher altitudes of Himachal pradesh. It forms spur heavily. Fruit is medium to large, conical in shape and blushed with dark red colour, firm, juicy and sweet in taste. However, this variety is infected with many viruses such as apple mosaic, apple chlorotic leaf spot, apple stem pitting, apple stem grooving and prunus necrotic ringspot virus.
Tissue culture, the method of growing isolated tissues and organs, enables the elimination of plant viruses and the propagation of virus free materials [23, 24, 33, 36] . Meristem culture is a widely used method for virus eradication from horticultural plants [9] . Because of the uneven distribution of viruses in plants, it is anticipated that meristem would be virus free [32] . Therefore, it would be useful to determine the size of meristem tip related to higher efficiency of virus elimination. Mostly the apical meristems are often virus free but some viruses are known to actually invade the meristematic region of the growing tips, in that case it has also been possible to obtain virus free plants by combining meristem culture with thermotherapy.
Quite scanty efforts have been made to grow shoot meristem of critical minimum size to eliminate viruses in apple. Bhardwaj et al. [1] reported that apple mosaic virus could be detected in meristems longer than 0.2 mm while taking meristems ranging in size from 0.1 to 1.0 mm. Hu et al. [15] concluded that fourteen apple survival grafting plants from five varieties were detected virus free after subjecting ten apple varieties to thermotherapy coupled with in vitro meristem culture and in vivo shoot tip grafting. A major advantage of working with such a small explant is the potential that this holds for excluding pathogenic organisms that may have been present in the donor plants from the in vitro culture. A second advantage is the genetic stability inherent in the technique, since plantlet production is from an already differentiated apical meristem and propagation from adventitious meristems is avoided.
In addition, phenolics interfere with the virus and render them undetectable through biological means or traditional serological techniques. ELISA, therefore, offers an easy method for their detection as a prerequisite for any budwood certification programme. Modern day ELISA is one of the most widely used serological test for the detection of plant viruses. The test departs from the classical serologicial procedure in which immuno-precipitin reactions are used. Immuno-specificity is recognized through the action of the associated enzyme label on a suitable substrate antigen-antibody complex. The basic principle of the ELISA lies in immobilizing the antigen on a solid surface and probing with specific immunoglobulins carrying an enzyme label.
The purpose of the present study was to develop an efficient procedure for in vitro virus eradication in important apple variety 'Oregon Spur-II', considering the evaluation of different sizes of meristems, their survival and proliferation on different media combinations and further indexing of the virus to determine whether their propagation by tissue culture would yield virus free shoots.
Materials and methods

Survey of plant material
Survey were conducted in apple orchards of Regional Horticultural Research Station, Mashobra and fields of Department of Fruit Science of Dr. Y. S. Parmar university of Horticulture and Forestry Nauni, Solan (H.P.) to ascertain and identify the apple cultivar 'Oregon Spur-II' plants infected with apple mosaic virus (ApMV), apple chlorotic leaf spot virus (ACLSV), apple stem grooving virus (ASGV), apple stem pitting virus (ASPV) and prunus necrotic ringspot virus (PNRSV). Infected plants expressing prominent symptoms of apple mosaic virus and apple chlorotic leaf spot virus were used for initial plant materials.
Serological virus indexing of mother plants
Leaf samples of 'Oregon Spur-II' growing in above mentioned fields marked on the basis of visual symptoms of apple mosaic virus and apple chlorotic leaf spot virus were collected in spring season and were tested for the presence of APMV, ACLSV, ASGV (ACD, Inc) and ASPV, PNRSV (BIOREBA, Switzerland), through Double Antibody Sandwich Enzyme Linked Immunosorbent Assay (DAS-ELISA) as described by Clarks and Adams [5] with modifications. The results were assessed visually and colorimetrically at 405 nm in a microtiter plate reader (Micro Scan M S 5605 A, Electronics corporation of India Limited).
Source of meristems as explants
The tree samples which tested positive for different viruses were considered as the source of meristem isolation. Infected shoots were collected from these trees in spring/summer and dormant seasons and exposed to 37-40°C for 4 weeks under hot air treatment. The apical and lateral buds positioned on the distal and basal portions of the shoots were harvested from heat treated shoots, rinsed with 70% ethanol for 40 s and then treated with 2% sodium hypochlorite for 15 min. They were rinsed four times with sterilized distilled water and remained in it until the excision of meristems.
Excision of meristems
Meristems were excised from buds of which as many bud scale leaves as possible were removed without the aid of microscope. The remaining bud scales were removed aseptically followed by leaf primordia to expose the growing point with the help of a stereomicroscope (Olympus). Each leaf primordium was dissected out from shoot tip, using separate sterile, fine, pointed forceps and needles. The meristematic dome with 1-4 leaf primordia were carefully excised after measuring the size.
For excision of meristems from dormant cuttings, axillary bud was trimmed first on both the sides, then tip portion was removed and finally it was cut length wise on the upper side, taking care not to damage the leaf primordia. Then, under the stereomicroscope, leaf primordia were removed subsequently with separate sterile needles as done above.
Establishment and proliferation of meristems
Immediately after dissection, meristems (0.2-0.7 mm) were placed in 15 9 20 cm glass culture tubes containing 12 ml of Murashige and Skoog medium [28] medium with 30 g/l sucrose and various plant growth regulators i.e. benzyladenine (BA, 0.5-1.0 mg/l), gibberellic acid (GA 3 , 0.1 mg/l) and indole butyric acid (IBA) or naphthalene acetic acid (NAA, 0.01-0.l mg/l) or indole acetic acid (IAA, 0.12-0.15 mg/l), which was further supplemented with adsorbent polyvinyl pyrolidone (PVP, 0.5 g/l) or antioxidant ascorbic acid (100 mg/l). All the media were solidified with 7 g/l agar. Whenever agar was omitted from the medium, the meristem explants were placed on filter paper supports contained in culture tubes.
After 6 weeks, viable cultures which showed first leaves were transferred on to newly prepared MS medium of same composition in 250 ml flasks with 30 ml medium, for further growth of stems and axillary shoots. The number of shoots formed on different sized meristems were counted before transfer. Length and number of meristem derived shoots were further increased by subculturing them on MS medium supplemented with different growth regulators i.e. BA (0.5-1.0 mg/l), IBA (0.01-0.1 mg/l) and GA 3 (0.1-0.5). Each surviving culture was labeled so that it could be traced back to the size of original shoot tip/ meristem explant. At least 20 explants per treatment were inoculated with respect to size of meristem, position of buds, season of the year and different combinations of growth regulators. Each experiment was done twice. The data on explant contamination, their establishment on medium with different growth regulator combinations as well as effect of size of the explants on their establishment and proliferation were recorded after 6 weeks of culturing. The effect of season of year and position of buds on shoots were also studied and data was recorded.
For virus indexing of established shoots, leaf samples were taken from labeled multiple shoot clusters raised from different sizes of meristems and subjected to DAS ELISA. Rest of the shoots in these clusters were maintained on the same medium.
Shoot multiplication of virus tested shoots
After indexing, the shoots which were found free from tested viruses were cultured for further multiplication on MS medium supplemented with various BA, GA 3 and IBA combinations. The shoots which revealed positive results were discarded. Rate of shoot multiplication and shoot length were recorded after 5 weeks in each treatment. The rate was determined by counting the number of new shootlets produced per shoot. All the cultures were maintained in a temperature controlled room at 25 ± 2°C.
Light consisted of white fluorescent tubes and an incandescent lamp. The intensity of light at the level of cultures was 4000 lx. Photoperiod was 16 h light and 8 h dark.
Statistical analysis
The data recorded for the different parameters were subjected to completely randomized design, CRD [13] . Percent data was subjected to arcsine transformstions prior to statistical analysis. The statistical analysis based on mean values per treatment was made using analysis of variance technique (ANOVA) for CRD.
Results and discussion Preliminary survey of mother plants
After conducting the survey of apple plantation, it was found that typical viral symptoms such as chlorotic leaf spot, mosaic and puckering of leaves were exhibited by the diseased trees. Chlorotic leaf spots were recorded to be the predominant symptoms at the location surveyed. Symptoms specific of the disease on the leaves indicated the presence of the ApMV and ACLSV. Overall, two trees (marked S4 and S21) showed positive reactions for ACLSV, ASGV & ASPV and ApMV, ASGV & ASPV respectively. Heat treatment to shoots of 'Oregon Spur-II' was given to eliminate viruses from infected plants because many viruses are sensitive to elevated temperatures. Kassanis [18] and Kassanis and Posnette [19] reported that about half of the viruses affecting horticultural plants could be eliminated by heat treatment. In the present studies, various factors like season for bud excision, position of source of explants, heat treatment and size of excised shoot tips seem to have great influence on the efficiency of virus eradication which is in agreement with Tan et al. [34] .
Effect of size of meristems on their establishment
It has been observed that maximum number of meristems (37-49%) of the size range 0.2-0.4 mm could not survive because of desiccation, while small number of explants were dessicated in size range of 0.5-0.7 mm (Table 1) . Negligible amount of phenols exuded from 0.2 to 0.5 mm sized meristems while the browning intensity increased with larger explants. Phenolic exudates were seen to accumulate around larger meristems cultured on solid medium while phenols rinses in liquid medium and less toxic which proved effective for establishment of primary meristem cultures. Jones and Hatfield [17] also used liquid medium with explants supported on filter paper bridges. (Table 1) . It has been suggested that the survival of meristem explants depends on their rate of microbial contamination and of explant browning, which pertain not only to the explants used for culture initiation but also to the physiological state of mother plants and to the season when explants are collected [8, 27] .
In order to take advantage of virus free cells, the smallest possible meristem has to be taken but small explants donot regenerate into whole plants while large meristems do. These two factors have to be balanced to identify optimal explants size. In our study, it has been seen that after 5 weeks of culturing, 0.2-0.3 mm sized meristems were found to be relatively less prone to contamination but were comparatively difficult to establish. They initially resulted in 20.65% establishment, but after sometime, developed callus. Welander and Huntriester [40] also observed very less microbial contamination in 0.2-0.4 mm explants, which supports our results. Only the explants exceeding 0.3 mm in length formed shoots. Highest percentage of establishment (36.36%) was achieved when meristems of size 0.6-0.7 mm were cultured which also resulted in half of the explants proliferated to shoots, whereas others callused suggesting that size of the meristem is one of the most important factor governing its regeneration capacity. Our results are supported by Mangal et al. [25] who found that survival increased with the increase in size reaching 100% beyond 0.7 mm of meristem tip in case of carnation. The establishment frequency (32-33%) of meristems of size 0.4-0.5 and 0.5-0.6 mm were at par with each other. After establishment, more than half explants turned to callus while rest formed the shoots.
It was seen that the maximum survival percentage of 24.32 and 35.29 were observed in the buds collected both from basal and distal portions respectively of the actively growing shoots ( Table 2 ). The results obtained here are similar with observations of various workers [16, 30, 40] who suggested that the meristems from growing shoot tips developed significantly better than the meristems obtained from dormant buds, the reason being that endogenous cytokinins regulate the growth of meristems from axillary buds [2] . On the other hand, in dormant season, 27.08 percent survival was found in meristems excised from the distal portion of shoots and showed better survival and growth, while 7.40 percent in case of basal buds, which is in agreement with the report of Golosin and Radojevic [12] .
Effect of growth regulators on establishment of meristem cultures
It is evident from Table 3 of Supplementary Material that growth regulators composition added in MS medium significantly affected the establishment of meristems. Out of twelve combinations attempted, maximum percent establishment i.e., 56.62% was found in combination 7 which contained 1.0 mg/l BA, 0.05 mg/l IBA and 0.1 mg/l GA 3 followed by 37.50% in combination 4 containing 0.5 mg/l BAP, 0.08 mg/l IBA and 0.1 mg/l GA 3 . However, after first subculture, maximum number of meristems were proliferated in combination 4 with decreased BA and slight increase in IBA and considered the best. Similar growth regulators were used by previous workers [1, 42] in establishing the meristems of apple, however, concentrations of IBA and GA 3 were different which may be dependent on different genotypes. Meristems cultured on MS medium supplemented with BAP and IAA showed very low frequency of establishment whereas three combinations of BA and NAA did not promote any growth of meristems while least survival (9.5%) was observed in 0.5 mg/l BAP, 0.05 mg/l NAA and 0.1 mg/l GA 3 . Here, it was seen that most of the meristems turned into callus and could not grow further. Callus formation may be due to the addition of NAA, although in low concentration. It was further observed that when shoots with leaf rosettes were subcultured on fresh medium for their elongation and further growth, most of them turned brown and necrotic. Some remained green for a long time and showed very slow growth. As a result, very few meristems attained growth during initial stages and number of proliferated shoots brought to multiplication stage were decreased. After about eight weeks of culture, shoots regenerated from meristems reached the size of 0.4-0.7 cm.
In vitro shoot multiplication
The proliferated explants resulted in multiple shoots in all the combinations tested (Table 4 of Supplementary Material; and Fig. 1a) . Two to fourfold multiplication with 1.0-2.5 cm long shoots were observed on 0.5 mg/l BAP, 0.05 mg/l IBA and 0.1 mg/l GA 3 supplemented MS medium (Fig. 1b) . However, somewhat similar multiplication rate was found on combination 1 which contained 1.0 mg/l BAP, 0.01 mg/l IBA and 0.5 mg/l GA 3 (Fig. 1c) but length of the shoots was shorter. The multiplication rates in combination 2, 3, 5 were at par with each other i.e., two to threefolds and approx. 0.5-2 cm long shoots. These results contrast to those reported by Ochatt and Caso [29] for meristems of M4 apple, because in 'Oregon spur-II', number of shoots per explant were increased when both BA and GA3 concentrations in multiplication medium decreased. Moreover, greatest size and internode enlargement made it possible to separate the shoots. A proliferation rate of 2.2 was observed in various apple rootstocks by Gabova [10] . The location of explants e.g., terminal versus lateral shoots can also affect the growth of the meristems and multiplication capability of the shootlets [26] .
Virus indexing of in vitro established shoots
In our studies, virus indexing provided evidence that combination of thermotherapy alongwith meristem culture were efficient in elimination of viruses in 'Oregon Spur-II'. These results support the findings of various workers [10, 14, 20] who were successful in eliminating viruses by meristem culture combined with thermotherapy. It was observed that shoots developed from 0.3 to 0.5 mm meristems were able to retrieve ACLSV, as the values are slightly more than negative control. However, one shoot from 0.5 to 0.6 mm size was found positive and other negative. All the shoots derived from 0.6 to 0.7 mm size meristems were still infected with ACLSV as indicated by colour reactions and OD values (Table 3) . ApMV was found to be absent from shoots raised from meristems of the size range 0.3-0.6 mm while present in some of the shoots raised from 0.6 to 0.7 mm sized meristems as shown by their colour reaction and O.D. values.
In case of ASGV, all the shoots derived from meristem size range 0.3-0.6 mm were observed to show negative values which are either less than negative control or slightly more than it, hence were considered not to be carrying ASGV infection. However, some of shoots from Elimination of viruses through thermotherapy and meristem culture in apple cultivar 'Oregon… 79 0.6 to 0.7 mm sized meristems were found negative and others positive for ASGV. Yamaga and Munakata [41] found it impossible to eradicate ASGV from 0.2 to 0.25 mm size shoot tips in infected apple tissuesby shoot tip culture alone but by combining heat therapy, bigger sized shoot tips at 1 mm size recommended. Our findings that ASGV and ApMV could be eliminated from 0.6 mm long shoot tips due to added heat treatment, supports the above report. In a previous report, all cultures regenerated from 1 mm long tips kept at 37°C treated for 35 days were free of these viruses [34] . ASGV is more tolerant to high temperatures than ACLSV and the elimination of the virus could take a longer heat treatment period than that for ACLSV eradication [3, 21] . On the contrary, by using same heat treatment, it was possible to remove ASGV from 0.6 to 0.7 mm long shoot tips in 'Oregon Spur-II' while ACLSV was present in this size even smaller than that. It may be eliminated by using longer duration of heat treatment as shown in studies conducted previously [14] during the elimination of PNRSV and ACLSV while Welander and Huntrieser [40] recommended a combination of heat treatment for 2 weeks at 37°C with shoot tip culture of apple and produced shoot tips free from heat tolerant viruses. Similarly for ASPV, it is clear from Table 3 that 0.3-0.6 mm sized meristems were observed to eliminate this virus. It has been observed that 0.3-0.4 mm sized meristems showed values less than negative control but as size increased, values also increased but less than double value of negative control. Only few meristems of size 0.6-0.7 mm were found infected with ASPV, while others were not. When we traced back the maintained cultures it has been found that shoots developed from shoot tips excised from axillary buds of distal portions of branches were found free of ApMV, ASGV and ASPV except ACLSV. Calculation of efficiency of heat treatment combined with meristem culture showed that all the shoots developed from 0.3 to 0.5 mm long tips were able to eradicate four viruses. Similar results were found with 0.5-0.6 mm long tips except for ACLSV. However, size range 0.6-0.7 was found less efficient (Table 4) . Thermotherapy for 35 days significantly decreased the titer of viruses in cultures raised from tips of main and axillary shoots in apple [37] . These differences may be due to plant physiology and culture growth conditions which exert further influences on virus accumulation as shown by Knapp et al. [22] . They further reported that virus distribution was less localized in actively growing plants, whereas plants in the stationary phase accumulated higher virus levels which is in agreement with the present findings. Both ASGV and ACLSV showed high concentrations in the tip of the pear shoots and lower concentrations in the middle stem. However, the heat treatment was less effective to reduce virus titers in the bottom shoots [39] ; whereas different distribution patterns of these viruses in apple plants were observed by Knapp et al. [22] who showed that ASGV and ACLSV distribute throughout the epidermis, cortex and vascular bundles tissues of apple stem, at higher levels in the basal stem and in lower levels towards the meristem tip of apple shoot. The different distribution patterns of both viruses in pear and apple shoots could be related to the host-virus interactions [11, 20, 21, 37] .
A little is known about the mechanism how thermotherapy enhances virus eradication from shoot tips. Some early studies indicated that high temperature could augment the virus free areas by inhibiting virus replication or movement and improving the growth speed of treated plants [6, 18] , which resulted in the subsequent virus eradication from meristem tips. Recently, it was found that viral RNA silencing could be significantly enhanced at the high temperatures [4, 31] . Similarly, RNA silencing was enhanced and viral RNA was degraded in shoot tips of raspberry during thermotherapy [38] .
In conclusion, the present results indicated that DAS ELISA is a useful technique for virus indexing which facilitate the production of virus free propagation materials. High virus elimination efficiency in apple cultivar 'Oregon Spur-II' was achieved by a combination of thermotherapy and in vitro culture of up to 0.6 mm meristem tips which resulted in complete elimination of four viruses (ACLSV, ApMV, ASGV, ASPV). Further studies are underway to achieve efficient in vitro rooting and acclimatization of virus tested shoots, from which healthy plants could be produced. Elimination of viruses through thermotherapy and meristem culture in apple cultivar 'Oregon… 81
